Surface contaminants, such as powder and thin film on various solid surfaces, were analyzed by ATR FT-IR microspectroscopy. An ATR accessory consisting of a miniature-Ge IRE with contact area smaller than 50 μm in diameter was fabricated and employed for a non-destructive characterization. The IRE was pre-aligned and fixed onto a 15× Schwarzschild-Cassegrain infrared objective. Easy maneuvering of the microscope stage enabled an accumulative collection of the contaminant at the tip of a miniature-Ge IRE, where the contaminants were analyzed under the ATR condition. By making a gentle contact between the Ge tip and selected area on the surface, any removable contaminants were transferred onto the Ge tip where its molecular information was acquired without any interference from the solid substrate. A thin organic film (i.e., mineral oil or fluorolube) was coated at the tip of the IRE in order to enhance the collecting efficiency of the removable contaminants.
Introduction
Infrared spectroscopy is a powerful technique for material characterization based on molecular information. The observed spectral features in an infrared spectrum are directly associated with the molecular structure and composition of the constituent species.
Since every material possesses unique infrared absorption features and fingerprint, infrared spectroscopy becomes an excellent tool for the identification of an unknown sample. The versatile sampling techniques enable infrared spectroscopy to be applied to various forms and types of samples. Nearly all of the available materials can find an appropriate infrared sampling technique for their characterization.
Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy is one of the most employed surfacecharacterization techniques. The ATR FT-IR technique takes advantage of a strong evanescent field generated under total internal reflection and its unique exponential decay characteristic for probing the molecular information at the surface and interface. Although the sampling depth of an ATR spectrum depends strongly on the experimental condition (i.e., angle of incidence and frequency of the coupled radiation) and material characteristics (i.e., the refractive indices of the internal reflection element and the sample), the major contribution of ATR absorption comes from chemical moieties at the surface that have intimate contact with the internal reflection element (IRE). 1 For surface contamination application, the ATR FT-IR spectrum of the contaminant was always interfered by absorption of the substrate, since the penetration depth of the evanescent field was normally greater than the thickness of the contaminant. 2, 3 A sample preparation, such as a prior separation or a complex experimental setup was normally required. [4] [5] [6] [7] This paper introduces a novel approach for the characterization and identification of surface contaminants using ATR FT-IR microspectroscopy. The removable contaminant was picked up by the tip of a Ge IRE attached to the objective of an infrared microscope.
The corresponding ATR spectra of the contaminants stored at the tip of the IRE could be acquired without any interference from the solid substrate. Collecting the contaminant was very simple, by just making a gentle contact between the tip of the IRE and the selected area on the surface. Once the amount of the accumulatively collected contaminant was large enough, its ATR spectrum could be acquired with superb spectral quality.
Experimental
All ATR spectra were collected with a Continuμm TM infrared microscope equipped with a mercury-cadmium-telluride (MCT) detector. The microscope was connected to a Nicolet 6700 FT-IR spectrometer (Thermo Electron Corporation, Madison, WI, USA). Spectra in the mid-infrared region (4000 -650 cm -1 ) at a spectral resolution of 4 cm -1 were collected with 512 co-addition scans. A homemade ATR accessory with a slide-on miniature germanium (Ge) IRE was employed. The miniature IRE was pre-aligned under the built-in 15× Schwarzschild-Cassegrain infrared objective. The maximum energy throughput indicated that the sampling area at the tip of the IRE coincided with the focal point of the infrared objective (Fig. 1) . Spectral acquisitions were performed in the reflection mode. The background spectrum was collected through the IRE when it was not in contact with a sample. Under mechanical control, the miniature IRE can be removed for cleaning and can be reinserted into the housing with the same pre-aligned position.
To collect an ATR FT-IR spectrum of a flat surface with the miniature-Ge IRE, a sample was placed on the microscope stage. A sampling spot on the surface (i.e., the clean area or the contamination-covered area) was selected through a built-in objective (10× optical or 15× infrared). The miniature-Ge IRE was then slid into the pre-aligned position, and the microscope stage was elevated until the selected sampling area touched the tip of the IRE. To achieve the same degree of contact for all measurements, a contact alert sensor plate was employed. The elevation was stopped when the LED indicator signaled the onset of a critical force exerted on the sensor plate. The degree of contact was reproducible as the LED indicator lit when a preset pressure was attained. Once good contact was achieved, the ATR FT-IR spectrum of the selected area on the surface was collected. It should be noted that the contact alert sensor plate also prevents any possible damage to the brittle surface of the miniature-Ge IRE due to excessive force exerted onto the tip of the IRE as a solid sample was raised against the IRE. Great care has been taken when making a contact, since the smooth surface of the miniature-Ge IRE can be scratched and damaged. The entire operation was non-destructive or slightly destructive (i.e., as the contaminant at the contact area was physically removed), while a prior sample preparation was not required.
Results and Discussion
A schematic illustration of ray tracing within the 15× Schwarzschild-Cassegrain infrared objective and the coupling of focused radiation into the homemade miniature-Ge IRE are shown in Fig. 1A . According to the optical design of the objective, the focused radiation contains rays with angles of incidence ranging from 15˚ to 35˚. 8 By coupling this focused radiation into a specially designed IRE made of a high refractive-index material, and by making the angle of incidence at the IRE/sample interface greater than the critical angle, the attenuated total reflection phenomenon at the interface can be realized.
The hemispherical dome of the miniature cone-shaped Ge IRE (Fig. 1B) facilitates the coupling of focused radiation traveling into the IRE by minimizing the reflection loss at the air/Ge interface. If a near-perfect coupling was assumed, the radiation transmitted through the air/Ge interface at the dome impinged the Ge/air interface at the tip without any significant change of the angle of incidence (i.e., the refraction at the air/Ge interface was minimized). To ensure good contact between the tip of the IRE and a solid surface, the tip was made into a hemispherical shape (Fig. 1B) . Since the contact area is small (i.e., less than 50 μm in diameter, Fig. 1C ), good contact was achieved with a minimal force exerted on the tip. For a Ge IRE (nGe = 4.0), the critical angle for the total internal reflection (TIR) at the interface with air (nair = 1.0) and an organic medium (norganic = 1.5) are 14.48˚ and 22.02˚, respectively. As a result, parts of the coupled radiation can be employed for ATR FT-IR investigation of a material having optical contact with the tip of the miniature-Ge IRE. To eliminate interference from internal reflection associated with the radiation having an angle of incidence smaller than the critical angle, an opaque circular adhesive tape was placed on the center of the hemispherical dome. Once the unwanted radiation was blocked, the observed spectrum was free of any contribution from the internal reflection. If the internal reflection was not blocked, the observed spectrum would show absorption bands with a differential type peak shape (i.e., especially the strong absorption bands). An effective condensation of the focused radiation and an efficient light-matter interaction under the ATR condition at the tip enabled the spectral acquisition of a small specimen or a small area with superb spectral quality.
Due to the small contact area of the IRE and easy operation of the microscope stage (i.e., moving stage up and down), a novel "contact-and-collect" operation was developed in order to measure spectra of surface contaminants without interference from the substrate. When the tip of the IRE was brought into optical contact with a surface, some of the contaminants on the surface (i.e., dusts, small particles, and/or thin removable film) stuck at the tip of the IRE. The contaminant can be cumulatively collected on the tip by repeatedly making contacts between the tip of the IRE and the contaminated surface. If the amount of the contaminant on the IRE is sufficiently large (Fig.  1D) , its ATR FT-IR spectrum can be collected. However, some of the contaminants, such as dust and small particles, may not be attached very well to the tip of the IRE. To enhance the collecting efficiency of such contaminants, a thin film of viscous liquid, such as mineral oil or fluorolube (both liquids have simple spectral envelopes and are ready available in any laboratory), was employed as a collecting agent. By planting a thin film of the liquid at the tip of the IRE, contaminants on the surface can be transferred onto the tip upon gentle contact. To effectively control the size of a collecting agent, a thin film of the collecting agents was smeared on a clean glass slide and 864 ANALYTICAL SCIENCES JULY 2007, VOL. 23 brought into optical contact with the IRE. When the glass slide was removed, a thin liquid film was left on the tip of the IRE.
As the thin-film-coated Ge IRE was brought into optical contact with a surface, the contaminant was efficiently picked-up by the tip of the IRE. After several contacts, a substantial amount of the contaminant was accumulatively collected, while its ATR spectrum with a good spectral quality can be acquired. The small contact area of the IRE and the ease of maneuvering the microscope make the analysis sample preparation-free. Moreover, any area on the surface can be selectively analyzed. Figure 2A shows the FT-IR reflection spectra of two polymercoated metals for food packaging acquired by the infrared microscope under the reflection mode. One of the coated metals had a fine powder contamination on the surface. When viewing at a right angle, both metals appeared to be the same. When viewing with an oblique or grazing angle, the surface of the contaminated coating appeared white, while that of the noncontaminated coating showed a yellowish-gold color. The solid contaminant can be wiped out with a lint-free paper, or easily rinsed out by solvents (i.e., water, iso-propanol, or acetone). Since the metal substrate was highly reflective, the specular reflection spectra of both coatings showed absorption-like spectral features. The observed spectra did not reveal any significant difference. Due to the thickness of the coating, their absorptions were very high and out of the linear range. The subtracted spectrum did not show any unique signature of the contaminated powder. Moreover, complete subtraction was not achieved due to non-linear absorption of the thick polymeric coatings. Figure 2B shows ATR FT-IR spectra of the same polymercoated metals acquired by the homemade ATR accessory with a miniature-Ge IRE. The observed spectral features of the contaminated coating were dominated by that of the polymeric coating. Although the same spectral features were observed, the contaminated film revealed distinct absorptions in the CHstretching region at 2916 and 2874 cm -1 . However, the difference spectrum did not show any significant spectral features associated with the contamination.
Complete subtraction was also not obtained, due to the fact that the absorption in an ATR FT-IR spectrum is greatly influenced by the degree of contact between the IRE and the sample. Moreover, an ATR FT-IR spectrum always contains depthdependent spectral information. Due to the decay profile of the evanescent field, the majority of the absorption at any frequency is dominated by that of the species close to the IRE. Since the powder contamination on the polymeric coating was in optical contact with the IRE, distinct CH-stretching absorptions at 2916 and 2874 cm -1 were directly associated with the powder contaminant. According to the ATR FT-IR spectra of all materials employed in the coating formula (Fig. 2C) , the fine powder contaminant might originate from a component employed as a lubricant (i.e., a mixture of polyethylene powder and polytetrafluoroethylene powder).
However, positive identification of the contaminant was not possible from the observed spectra in Figs. 2A and 2B due to incomplete subtractions and interference from the polymeric substrate.
Since the separation of the powder contaminant by a physical and/or chemical means might induce additional cross contamination from the polymeric substrate, the nondestructive "contact-and-collect" technique was employed. A thin film of mineral oil or fluorolube was utilized as a collecting agent for the accumulatively pickup of the removable powder contaminants from the surface of the polymeric coating. Figure 3 shows ATR FT-IR spectra of a removable contaminant on the polymeric coating that was transferred onto the tip of the miniature-Ge IRE. For the uncontaminated surface, there was no collectable residual on the tip of the Ge IRE (Fig. 3A#1) , the mineral-oil-coated IRE (Fig. 3A#2) , nor the fluorolube-coated IRE (Fig. 3A#3) . For the thin-film-coated IRE, the amount of the collecting agent decreased after a subsequent contact. The unchanged spectral envelopes of the collecting agent left on the tip of the IRE suggested that the surface of the polymeric coating was free of contaminant. For the contaminated surface, Fig. 3B , a spectral signature of the contaminant can be observed by the contact-and-collect operation.
Although the contaminated powder cannot be picked up by the bare IRE (Fig.  3B#1) , it can be efficiently picked up by an organic-film-coated IRE (Figs. 3B#2 and 3B#3 ). While the absorptions associated with the collecting agents decreased after subsequent contact, those associated with the contaminant increased. When mineral oil was employed as a collection agent (Fig. 3B#2) , the CHstretching of the mineral oil overlapped with that of the powder contaminant. However, the symmetric stretching and the asymmetric stretching of the methylene group shift to that of the contaminant (i.e., absorptions at 2916 and 2874 cm -1 ) as the amount of the contaminant was increased by subsequent contacts. Speculation that the absorptions at 2916 and 2874 cm -1 were associated with the contaminant is confirmed by Fig.  3B#3 . When fluorolube, which does not have an absorption in the CH stretching region, was employed as the collecting agent, the increased absorptions at 2916 and 2874 cm -1 were directly associated with the contaminant. According to the observed spectra in Figs. 2C and 3 , the contaminant was polyethylene 865 ANALYTICAL SCIENCES JULY 2007, VOL. 23 powder. A mixture of polyethylene and tetrafluoroethylene powder was employed as a lubricant. Polyethylene powder might segregate from the coating during the fabrication process (i.e., due to an unsuitable curing condition, an incomplete mixing, and/or an incorrectly mixed composition).
Demonstrations of the applicability of ATR FT-IR microspectroscopy with the contact-and-collect technique for the analysis of surface contamination and of its potential for forensic analysis or trace analysis of drug residuals on surfaces were performed. Five paracetamol tablets (acetaminophen) were placed in an LDPE zip-lock medicine bag. The bag was deliberately left in a woman's handbag for one day. A drug tablet was handpicked from the zip-lock bag. The fingers that touched the drug tablets were then intentionally used to pick up a banknote. Figures 4 and 5 , respectively, show ATR FT-IR spectra of the collectable residual drug powder on the surfaces of the drug-contaminated medicine bag and the banknote. For a comparison, the same operation was applied for a clean medicine bag and a banknote. For the clean medicine bag, there was no removable contaminant on the Ge tip, although several contacts were made (Fig. 4A) . When the contact-and-collect operation was performed on the surface of the drugcontaminated bag, the unique spectral feature of the drug was observed. The absorption increased after subsequent contact (Fig. 4B) . The observed phenomenon implied that the drug powder on the polymeric surface can be transferred onto the Ge tip by simple contact. The collecting efficiency of the powder contaminant can be increased by a thin liquid film on the Ge tip. The absorption of the contaminant increased, while that of the liquid film decreased (Figs. 4C and 4D) . Upon a subsequent contact, the powder contaminant was accumulatively pickup at the tip of the IRE, while the organic liquid was transferred to the LDPE medicine bag at the point of contact. However, after a number of contacts, the collected powder dropped off the Ge tip and a decrement in the absorption was observed (data not shown).
Similar phenomena as described in Fig. 4 were observed when a surface analysis of the drug-planted banknote was performed. Outside the finger-touched area, there was no removable contaminant on the surface of the banknote (Fig. 5A) . A trace residual of contaminant was not observed even after a number of subsequent contacts. After making contact at the fingertouched area by a clean Ge tip, on the other hand, a spectral signature of the drug was observed. The absorption increased with the number of contacts (Fig. 5B) . Since the contacts were made at various positions, the contaminated drug powder was collectively transferred onto the Ge tip. The collecting efficiency of the drug powder was greatly enhanced when a collecting agent was employed (Figs. 5C and 5D ). Similar to those observed in Fig. 4 , the amount of drug powder on the Ge 866 ANALYTICAL SCIENCES JULY 2007, VOL. 23 tip increased with the number of contacts, while that of the collecting agent decreased. Figure 6A shows ATR FT-IR spectra of a powder contaminant on the rear surface of a mobile phone mask. The phone belonged to a female volunteer. It was kept in her handbag while traveling, or when it was not in use. Thus, the observed contaminant represented the dust or powder in her handbag. The strong absorption band centered at 1014 cm -1 suggests that the dust on the telephone mask was talc. The talc powder might have originated from her facial cosmetics, which were always kept in the handbag. Under normal operation, talc contamination cannot be identified from the observed ATR spectra of the uncontaminated and contaminated telephone mask (Fig. 6B ).
An application of the cone-shaped Ge IRE for a thin-film contaminant on a solid surface was demonstrated, and the results are shown in Figs. 7A and 7B. The spectral signature of a contaminant on the surface of a polypropylene bag can be detected by ATR FT-IR microspectroscopy. The polypropylene bag was locally available for food packaging. After a number of contacts, a sufficient amount of the contaminant was accumulated on the surface of the clean Ge tip, while a reasonably good spectral quality of the material was obtained. The observed spectrum indicated that the contaminant was oleamide, which was employed as an additive (i.e., a slip agent in the processing line). Similar to those observed in Fig. 6B , the 867 ANALYTICAL SCIENCES JULY 2007, VOL. 23 contaminated slip agent cannot be positively identified from the observed spectra under normal operation (Fig. 7C) .
The observed phenomenon suggested that the contact-andcollect operation with the miniature-Ge IRE has great potential for surface contamination and forensic analysis. With the easy operation of the infrared microscope, a specific area on the surface can be selectively analyzed and verified. The analysis process is simple and does not require any additional sample preparation.
The technique is less-destructive or nondestructive, and does not induce a cross contaminant into the system. The measured specimen can be employed for further analysis and/or kept as a reference.
Conclusions
Surface characterization and surface contamination analysis by ATR FT-IR microspectroscopy using a homemade miniatureGe IRE was demonstrated. The contact-and-collect operation was developed and employed for powder and thin-film contamination on various surfaces. The easy operation of the infrared microscope enables the collection of contaminants on the tip of the miniature-Ge IRE without any sample preparation or prior removing the contaminants from the surface. The major advantage of the contact-and-collect operation is that the ATR spectrum of the contaminant can be collected without interference from the substrate. 
